Previous electrical stimulation and lesion experiments have suggested that the crossed 27 descending output pathway from the deeper layers (SCd) of superior colliculus (SC) controls 28 orienting responses, while the uncrossed pathway mediates defense-like behavior. Here we 29 extended these investigations by using selective optogenetic activation of each pathway in mice 30 with channelrhodopsin 2 expression by double viral vector techniques. Brief photo-stimulation 31 of the crossed pathway evoked short latency contraversive orienting-like head turns, while 32 extended stimulation induced contraversive circling responses. In contrast, stimulation of 33 uncrossed pathway induced short-latency upward head movements followed by longer-latency 34 defense-like behaviors including retreat and flight. The novel discovery was that the evoked 35 defense-like responses varied depending on the environment, suggesting that uncrossed output 36 can be influenced by top-down modification of the SC or its downstream. This further suggests 37 that the SCd-defense system can be profoundly modulated by non-motor, affective and 38 cognitive components, in addition to direct sensory inputs. 39
Introduction

42
The midbrain superior colliculus (SC) is an evolutionary ancient brainstem center controlling 43 the initial, rapid, sensory-driven appetitive or defensive movements that are essential for 44 survival in the natural environment (Dean et al., 1989) . Its superficial layers (SCs) receive 45 glutamatergic visual inputs directly from the retina (Isa et al., 1998) or indirectly from the 46 visual cortex. Efferent projections from the SCs are directed to the visual thalamus (Lane et 47 al., 1974) , nucleus parabigeminalis (Sherk, 1979; Edwards, 1980; Bennett-clarke et al., 1989), 48 or to deeper layers of the SC (SCd) (Isa et al., 1998; Lee et al., 1997; Doubell et al., 2003) . The 49 4 Furthermore, it has also been difficult to stimulate either the SCs or SCd neurons separately 75 without affecting the other. The present study sought to overcome these limitations and 76 investigate in more detail the cellular identity of orienting and defense systems in the SC and 77 how they might be influenced by behavioral context. To this end, we tested the selective 78 activation of the individual SC output pathways by combination of two viral vectors. One is 79 the highly efficient retrograde gene transfer vector, a modified lenti-viral vector (Kato et al., The present investigation has made extensive analysis of the relationship between the stimulus 88 parameters and induced behavior in different environments, clarified status of the two major 89 output pathways, and shown how they can be influenced by the environment. 90 91
Results
92
Pathway-selective optogenetic activation of superior colliculus (SC) output neurons 93
Procedures were developed to independently activate either the crossed or uncrossed 94 descending pathways from the SC. For this purpose, one group of mice was injected with the 95 retrograde gene transfer vector, NeuRet-MSCV-Cre into the left medial ponto-medullary 96 reticular formation (PMRF) and AAV-DJ-EF1α-DIO-hChR2(E123T/T159C)-EYFP into the 97 right (contralateral) SC ( Figure 1A , C). In these mice, ChR2 was expressed exclusively in SC 98 neurons projecting to the crossed descending pathway. In the second group of mice, the former 99 5 vector was injected into the right cuneiform nucleus (CnF) and the second vector was injected 100 into the right (ipsilateral) SC ( Figure 1C ). In these animals, the expression of ChR2 was 101 restricted to the neurons whose axons projected to the uncrossed descending pathway. After 102 the behavioral testing, electrophysiological experiments were conducted ( Figure 1B) . 103
Electrophysiological recording in both groups showed that when optical stimulation with blue 104 laser (473 nm wavelength) was applied to the right SC, either the crossed or the uncrossed 105 output neurons in the SC were robustly activated ( Figure 1D ). The latencies of the spiking 106 responses after the laser onset were 8.01 ± 0.66 ms (n = 23) for the crossed pathway neurons 107 and 9.27 ± 1.54 ms (n = 13) for the uncrossed pathway neurons. Following repetitive optical 108 stimulation (10 -20 trains of 50 ms pulses at 10 Hz) both types of SC neurons were reliably 109 activated. 110
For the systematic evaluation of behavioral responses evoked by optical stimulation, they were 111 classified as either contraversive orienting-like responses (horizontal head turn or circling), or 112 defense-like responses (upward head turn, retreat, flight or freezing) (Figure 2A -D). The 113 orienting-like responses were subdivided further into four categories reflecting the magnitude 114 of responses through which contralaterally-directed head movements spanned; category 1: 115 >180° circling, category 2: 90°-180° circling, category 3: <90° circling, category 4: head-only 116 movement (Figure 2A-B ). On the other hand, defense-like responses were more complicated. 117
They often began with a quick upwardly directed head-only turn (category 4), and was often 118 followed by backward walking (termed "retreat", category 5, Figure 2C ) and/or fast forward 119 running away (termed "flight", category 6, Figure 2D ). Thus, smaller numbers below 4 120 indicated larger orienting, while the larger numbers above 4 were assigned for stronger defense- Behavioral observations ( Figure 2E ) showed that when the crossed SC-brainstem pathway 139 neurons were stimulated with a large optic fiber (500 µm in diameter) centrally located in the 140 SC, brief stimulation (single pulses 50 ms) induced contraversive horizontal head turns in 94% 141 of the trials in the closed box (category 4; Supplementary movie S1, n = 6). Progressively 142 extended stimulation (200 ms pulses, or 5 -20 trains of 50 ms pulses at 10 Hz) increased the 143 frequency of circling with increasing amplitude (from category 3 to 2, and then to 1) ( Figure  144 2E, 2G and Supplementary movie S2). When the stimulus duration was increased from single 145 50 ms pulses to 20 trains of 50 ms pulses at 10 Hz, average classification score decreased from 146 3.9 ± 0.03 to 2.5 ± 0.18 (p < 0.0001, Student's t test). This confirmed that longer trains of 147 optical stimulation evoked larger circling movements. All optically evoked movements were 148 elicited at short latency (< 30 ms), almost always appearing in the first video frame following 149 the laser onset. When the same stimulus was applied on the open platform, single 50 ms pulses 150 induced head turn responses in 78 % of the trials, and when the stimulus duration was increased 151 from single 50 ms pulses to 20 trains at 10 Hz, average classification score decreased from 3.8 152 ± 0.01 to 2.0 ± 0.02 (p < 0.0001, Student's t test) ( Figure 2E , 2G and Supplementary movie 153 8 S3). No significant difference between the movement scores in the two environments could be 154 found for both the brief stimulation (p = 0.47, Student's t test) or the extended stimulation (p = 155 0.13, Student's t test). Thus, similar contraversive responses were evoked in both testing 156 environments. Consequently, these movements were considered to be context-independent. Figure 4A ). When the crossed SC-brainstem pathway was activated, the mean latency of 279 evoked EMG responses in contralateral (left) muscles was 12.85 ± 0.96 ms (n = 6), and in 280 ipsilateral (right) muscles was 13.01 ± 1.17 ms (n = 6) ( Figure 4B ). Considering the previous 281 observation that spiking activity in crossed SC output neurons was induced at the latency of 282 8.01 ± 0.66 ms (n = 23) after the laser onset ( Figure 4D1 ), the conduction time from the SC to 283 the neck muscles must have been in the range of 4-5 ms, on both sides. These ultra-short 284 latency muscular responses were completely abolished after unilateral microinjections of 0.1 285 μl muscimol (0.1 -1.0 mg/ml) into the left PMRF ( Figure 4B ), the injection sites of retrograde 286 vector. This result suggests that activation of the dorsal neck muscles by the SC is mediated 287 primarily by tecto-reticulo-spinal pathways with relay neurons in the PMRF which have 288 uncrossed or crossed connections to neck motoneurons (Isa and Sasaki, 2002) . Following 289 activation of the uncrossed SC-brainstem pathway ( Figure 4C ), the mean latency of EMG 290 responses in the contralateral (left) muscles was 13.52 ± 1.04 ms (n = 7), and in the ipsilateral 291 (right) muscles was 12.41 ± 1.13 ms (n = 7). Considering again that the average latencies of 292 optically evoked spiking responses of the relevant SCd neurons was 9.27 ± 1.54 ms (n = 13) 293 ( Figure 4D2 ), the conduction time in the uncrossed descending projection from the SC to the 294 neck muscles was about 3-4 ms. Again, these short latency EMG responses were abolished 295 after microinjections of muscimol into the brainstem close to the right CnF ( Figure 4C To compare the effects of pathway-selective activation with those of nonselective activation of 316 the SC, AAV-CAG-Ch2R(H134R)-tdTomato was injected into the SC. As shown in Figure 5A , 317 neurons in virtually the whole SC, including both SCs and SCd, expressed ChR2-tdTomato. 318
Optical stimulation with blue laser was applied at 3 locations ( Figure 5B ) in SC; (1) a 250 μm 319 diameter fiber was used to stimulate neurons representing the lower visual field in the caudo-320 lateral SC, (2) the same 250 μm diameter fiber was used to activate the rostro-medial aspect of 321 the SC representing the upper visual field, and (3) a larger 500 μm diameter fiber was placed 322 in the central part to activate the wide area of the SC. Under anesthesia, the neurons in the SCd 323 located below the optic fiber were reliably activated by the laser stimulation, in response to 324 both prolonged pulses of laser stimulation (100 ms duration) and repetitive trains of short pulses 325 (10 trains of 50 ms pulse at 10 Hz) ( Figure 5C ). Brief optical stimulation (single 50 ms pulses) 326 of the caudo-lateral SC induced contraversive orienting responses of the head (category 4) in 327 the awake condition ( Figure 6A ). With the extended stimulation, large angular rotations of the 328 head eventually followed by contraversive circling were observed (from category 3 to 2, and 329 then 1). When the stimulus duration was increased from single 50 ms pulses to 20 trains of 50 330 ms pulses at 10 Hz ( Figure 6A were 8% and 12% in the closed box, respectively, and those were 12% and 8% on the open 367 platform, n = 6) ( Figure 6C ). We classified the responses mainly by the major motor responses, 368 however, in many cases, these responses were typically followed by freezing in the case of These results can be explained by considering the anatomical distribution of the cells of origin 411 of the two descending pathways in the rodent SC, in conjunction with the ecological niche 412 occupied by rats and mice (Dean et al., 1989) . First, the neurons giving rise to the crossed 413 descending projection are concentrated in the lateral SC in the mouse, while those projecting 414 to the uncrossed pathway are more prevalent medially ( Figure 3A9 and 3B8 ). In the retinotopic 415 representation of visual space in the SC, medial region corresponds to the upper visual field, 416 while the lower visual field is represented laterally. For these species, their predators (birds of 417 prey and larger mammals) most frequently approach from above. It is therefore perhaps not 418 surprising that in these species, a specialized association between upper field visual stimuli and 419 defensive behavior has evolved. Alternatively, most stimuli that these animals would want to 420 locate and move towards (food and young) are typically on the ground and would appear in the 421 lower visual field. Clearly, the evolved mechanism for this functional specialization in rodents 422 is the differential concentration of defense-related cells in the medial upper-field portion of the 423 SC, and cells promoting orienting behavior located laterally in lower-field regions of the SC 424 map . 425
A closer look at the results of the present study, however, reveals a more nuanced picture. 426
Functional differences were observed between the nonselective activation of SC, which most 427 likely involved the simultaneous activation of both descending projections and activation of 428 the superficial layers (SCs). When the central SC was activated with an optic fiber with large 429 diameter, freezing responses were observed more frequently than the localized stimulations. 430
Optical stimulation with a large fiber could conceivably correspond to the sudden appearance 431 of a large object covering much of the animal's visual field, similar to the looming stimulus. 432
Such a stimulus event would be unusual in nature, and it would be likely that both orienting-433 approach and defense-avoidance systems in the SC would have been activated simultaneously. 434
22
If so, unresolved competition between them could mean that freezing would be the most 435 adaptive response. An alternative possibility for the prevalence of the freezing being evoked 436 by central SC stimulation could be that the non-pathway-selective optical stimulation may also 437 have activated neurons in the SCs. Recent studies by Wei et al. (2015) , and Shang et al. (2015) , 438 reported defense-like freezing following selective activation of cell groups in the SCs. This 439 response was ascribed to indirect activation of amygdala by visual inputs routed through the 440
SC (see below). 441
An important advantage of the current pathway-selective activation procedures was that the 442 entire network of axonal projections, including collaterals, of activated neurons could be traced. 443
Consequently, we were able to associate specific sets of behavioral reactions to identified 444 anatomical substrates. In case of crossed SC-brainstem pathway neurons possess ascending 445 branches to the midbrain and thalamic nuclei in addition to the caudal projection to the 446 brainstem motor centers ( Figure 3A8 ). Uncrossed pathways also possess ascending branches 447 projected widely to a variety of midbrain and thalamic nuclei, some of which are different from 448 the targets of the crossed pathway in addition to the descending branches ( Figure 3B7 ). It is 449 likely that the ipsilateral target regions may be associated with different components of the 450 elicited defense-like responses. For example, the SC-PPN/CnF projections might be involved 451 in the locomotor aspects of defense-like behaviors, because PPN and CnF have been considered 452 as the mesencephalic locomotor region (Shik et al. 1966) . 453
Recently, Wei et al. (2015) reported that CaMKII-positive neurons in the SCs were activated 454 by looming stimuli and involved in freezing elicited by overhead threat (Wei et al. 2015) . They 455 further showed that the projections from the SCs to the LP and then to the amygdala were 456 critical for the freezing response. Although the authors argued that the critical CaMKII-457 positive neurons were located in the intermediate layer, their figure showed the labeled neurons 458 mostly in the SCs. Specifically, the wide field vertical cell group in this layer were implicated 459 23 (Gale and Murphy, 2014) . Also using modern tracing technology, the SC oligosynaptic 460 projection to the amygdala was confirmed recently by Shang et al. (Shang et al. 2015) . They 461 found that the glutamatergic parvalbumin positive neurons in the SCs project to the amygdala 462 indirectly via the parabigeminal nucleus (PBG). These parvalbumin positive neurons in the 463 SCs were shown to be critical for the defensive responses elicited by looming visual stimuli. 464 A more recent study by Shang et al. (2018) showed that the SC orchestrates the contributions 465 of these two ascending pathways for defensive behaviors. Furthermore, Shang et al. (2019) 466 showed that a group of SC-ZI pathway neurons is involved in predatory hunting. These neurons 467 might comprise a subgroup of the crossed SC-brainstem pathway neurons, because the 468 movements induced by activating these neurons were more characteristic of approach rather 469 than escape. Further studies will be needed to understand how the neurons activated in these 470 studies operate to influence the downstream hindbrain substrates for approach and defense. 471
Certainly, from an evolutionary perspective, it would make more sense to have a threatening 472 visual event capable of influencing appropriate motor output in the shortest possible time. It is 473 therefore significant that we were able to show that activation of either of the SC's principal 474 descending pathways evoked EMG responses in the dorsal neck muscles about 3 -5 ms after 475 optically induced spiking in the SCd. The descending routes of communication were 476 confirmed when critical relays of the uncrossed and crossed pathways in the brainstem reticular 477 formation were inactivated, and optically elicited EMG responses abolished. This result is 478 consistent with previous studies in cats that show the shortest uncrossed pathway from the SC 479 to neck motoneurons is mediated by the reticulospinal neurons in the PMRF (Iwamoto et al., 480 1990; Anderson et al., 1971) . It is known that there is a direct tectospinal projection, however, 481 from the number of axons and boutons present at spinal levels its direct influence is likely to 482 be weak (Isa and Sasaki, 2002) . Therefore, it is more likely that the major tectal control of the 483 neck motoneurons is mediated by a di-or oligosynaptic pathway through tecto-reticulospinal 484 
LEAD CONTACT AND MATERIALS AVAILABILITY 527
Further information and requests for resources and reagents should be directed to and will be 528 fulfilled by the Lead Contact, Tadashi Isa (isa.tadashi.7u@kyoto-u.ac.jp) 529
Materials and methods 530
Animals 531
Forty-two 10-week-old male C57BL/6 mice were used in this study. The experimental 532 protocol for the use of animals was conducted following the Guidelines of the National 533
Institutes of Health and the Ministry of Education, Culture, Sports, Science and Technology 534 (MEXT) of Japan and approved by the Institutional Animal Care and Use Committee of the 535 27 National Institutes of Natural Sciences. We made all attempts to minimize the stress, distress 536 and number of animals used. 537
Plasmid construction 538
The plasmid for NeuRet-MSCV-Cre vectors was obtained from a DNA fragment encoding the 539 Cre recombinase gene (Kobayashi et al., 2004) and the murine stem cell virus promoter of 540 pCL20c-MSCV (Hanawa et al., 2002; . The pAAV-CAG-hChR2(H134R)-tdTomato and 541 pAAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP were provided from Drs. K. Svoboda and K. 542
Deisseroth, respectively. 543
Viral vector preparation 544
NeuRet vectors were prepared as described previously (Kato et al., 2014) . The copy number 545 of RNA genome was estimated by a Lenti-X qRT-PCR titration kit (Clontech, Palo Alto, CA). 546
Real-time quantitative PCR was performed in duplicate samples using the StepOne real-time 547 PCR system (Applied Biosystems, Tokyo, Japan). AAV vectors were packaged as described 548 previously . The copy number of viral genome (vg) was determined by 549 the TaqMan Universal Master Mix II (Applied Biosystems, Foster City, CA). 550
Viral vector injection 551
For the pathway-selective expression of ChR2, NeuRet-MSCV-Cre (0.4-0.5 µl; titer, 1.1-30 × 552 10 11 copies/ml) and AAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP(0.15-0.5 µl; titer, 4.5 × 553 10 10 vg/µl) were injected into the target area of SC-brainstem neurons and the location of the 554 pathway cells of origin, respectively. For the contralateral pathway group, injection of NeuRet-555 MSCV-Cre into the left medial pontine reticular formation inclined by 45 degrees caudally 556 (Flanklin and Paxinos 2007) and that of AAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP were 557 also described before (Sooksawate et al., 2013) . For the ipsilateral pathway group, NeuRet-558 28 MSCV-Cre was injected into the right brainstem close to the cuneiform nucleus inclined as 559 above, -8.2-8.7 mm from Bregma, 1.2 mm lateral to the midline. 560
The AAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP was injected into the right SC with the 561 same coordinates. 562 Viral vector injection for nonselective optogenetic activation into the right SC was performed 563 as described before (Sooksawate et al., 2013) . AAV-CAG-hChR2(H134R)-tdTomato (1.9 × 564 10 9 vg/µl) was injected as described above. 565
Optic fiber implantation 566
Four to seven weeks after the viral injection(s), mice were anesthetized as mentioned above. 567
Then, the 250-µm or 500-µm diameter plastic optical fiber (Lucir Inc., Tsukuba, Japan) was 568 implanted through the cortex just above the SC surface using stereotaxic procedures. For the 569 selective activation of output neurons of the SC, a 500-µm diameter optical fiber was implanted 570 through the cortex just above the SC surface with the coordinate of -3.8 mm from Bregma, 1.2 571 mm right to the midline and 0.8-1.0 mm from the surface of the cerebral cortex. For the 572 nonselective activation of the SC neurons, we divided the mice into 3 groups, caudo-lateral, 573 rostro-medial, and central SC. 500-µm optical fiber was implanted in the "central SC" group 574 and 250-µm optical fiber was implanted into "caudo-lateral" and "rostro-medial" groups. The 575 stereotaxic coordinates for the caudo-lateral SC was -4.0 mm from Bregma, 1.6 mm right to 576 the midline and 0.8-1.0 mm from the surface of the cerebral cortex, that of the rostro-medial 577 SC was -3.4 mm from Bregma, 0.8 mm right to the midline and 0.8-1.0 mm from the surface 578 of the cerebral cortex, and that of the central SC was the same coordinates as of the selective 579 pathway activation. 580
Behavioral effects with laser stimulation 581 29 Two to seven days after the mice recovered from optical fiber implantation, they were placed 582 into a closed box (20 cm wide, 25 cm long and 30 cm high) or on an open elevated circular 583 field (open platform, 40 cm diameter and 1 m high from the floor) for testing the effect of blue 584 laser illumination from a laser source (LUCIR, Model COME2-OFC-1, Lucir Inc., Tsukuba, 585 Japan). The intensities for laser stimulation were 20-170 mW/mm 2 for 250-µm diameter 586 optical fiber and 36-260 mW/mm 2 for 500-µm diameter optical fiber. We stimulated the SC 587 neurons with a single pulse of 50-200 ms duration or repetitive stimulation with 50 ms duration 588 and 100 Hz frequency for 0.5-2.0 s. Behavioral data were analyzed with EthoVision XT 11.5 589 (Noldus, Netherland). Stimulation with individual parameters were repeated 10 times in each 590 animal. Animals were randomly grouped. The numbers of mice used in each group were 6-7. 591
In vivo electrophysiological recordings and EMG recordings 592
After the behavioral experiments, 3-4 mice of each group were anesthetized with urethane (1.2-593 1.5 g/kg i.p.). Dexamethasone (5.5 mg/kg) and atropine (0.1 mg/kg) were injected 594 intramuscularly. Their heads were fixed to the stereotaxic apparatus. Optical fibers implanted 595 for the testing and a small patch of the skull were removed to expose the cortex overlying the 596 SC. The right eye was covered by plastic tape to protect against the light passing through this 597 eye. 250-µm optical fiber was lowered vertically into the brain with the same coordinate as 598 the removed optical fiber. A thin tungsten electrode (2 MΩ resistance) was inclined by 20 599 degrees and placed at 0.4 mm rostral to the rostral edge of optical fiber at the surface of the 600 cortex and lowered into the right SC using a motor drive manipulator (DM System, Narishige, 601 Japan). To confirm the location of the right SC, light flashes (Flash stimulator, SLS-3100, 602
Nihon Kohden, Japan) was used to stimulate the left eye and monitor the light evoked potential 603 in the right SC. The depth of SCd was identified by observation of the reversal of visually 604 guided field potential (Katsuta and Isa, 2003) , which was amplified by microelectrode amplifier 605 (MEZ-8301, Nihon Kohden, Japan). Data were digitized by analog-to-digital converter 606
